This paper focuses on the reprocessing of seismic reflection profiles, aeromagnetic and seismicity data, to locate and characterize the Ota-Vila Franca de Xira-Lisbon-Sesimbra fault zone. The studied structure is sited in the Lower Tagus Valley, an area with over 2 million inhabitants, that has experienced historical earthquakes causing many casualties, serious damage and economical losses (e.g. 1531 January 26 and 1909 April 23 earthquakes), whose tectonic sources are mostly unknown. The fault zone trends NNE-SSW to N-S, is located near the eastern border of the Mesozoic Lusitanian Basin and partially delimits the Lower Tagus Cenozoic Basin at the west, mostly hidden under the Cenozoic sedimentary fill. According to the data presented here, the normal structures that compose the fault zone were reactivated in Cenozoic times, with positive inversion and the development of splays towards the east. The fault zone shows three distinct segments with different behaviour, in conformity with their various orientations relative to the NW-SE maximum compressive stress. The northern segment splays into a series of NNE-SSW oriented, east verging, imbricate thrusts, which merge to the west into a major reverse fault that resulted from the tectonic inversion of the former normal fault bordering the Mesozoic Lusitanian Basin in this area-the well known Ota (or Pragança) fault. The central segment corresponds to the approximately 20 km long outcropping Vila Franca de Xira fault, which suffered a maximum degree of inversion. The southern segment extends for ∼45 km, crossing Lisbon and the Setúbal Península at depth until approximately Sesimbra (probably continuing offshore), with an N-S trend and distinct geometry. South of Vila Franca de Xira, there is evidence for a WSW-ENE fault located at depth, producing a righ-lateral stepover on the major structure and splitting the central from the southern segment. We hypothesize that this obliquely trending fault is a possible source of the 1909 Benavente earthquake.
. Location map and simplified geology (after Oliveira et al. 1992 ) of the study area. A-A -Ota and Vila Franca de Xira segments of the OVLS fault zone; 1 -outcropping fault zone near Vila Franca de Xira; 2 -fault zone after the seismic reflection profiles interpretation and 3 -localities mentioned in the text.
trending faults, extending along the western border of the Lower Tagus Cenozoic Basin (LTCB) from approximately the Montejunto massif ( Fig. 2) at the north to Sesimbra at the south. It was selected as a priority target for further investigation, based upon its near-surface expression on the seismic reflection profiles at some locations, its significance in the LTCB structural pattern and apparent relationship with the regional seismicity, its closeness to Lisbon and its foreseen seismic potential. This work discusses the interpretation and analysis of recently reprocessed geophysical data mentioned above (seismic reflection profiles, aeromagnetic data and seismicity data) to achieve a better characterization of this fault zone.
The study area is located roughly 150-200 km north of the IberiaAfrica plate boundary (the Azores-Gibraltar fracture zone) and has suffered the effects of large historical earthquakes, which caused severe damage and many casualties. The seismic activity comprises relatively distant events, as the 1755 November 1 earthquake, one of the largest historical earthquakes ever described (estimated magnitude ≥8.5; Martins & Mendes-Victor 1990) . The 1755 event was probably generated by N-S to NNE-SSW trending offshore structures located southwest of the Portuguese coastline (Zitellini et al. 1999 (Zitellini et al. , 2001 Baptista et al. 2003; Gràcia et al. 2003) .
Besides the effects of the earthquakes generated in the southwestern offshore area, directly connected to the Iberia-Africa plate boundary, the study region experiences a significant intraplate seismicity, attested by the occurrence of moderate to large local historical earthquakes, as in 1344, 1531 and 1909, with estimated magnitudes ranging from 6 to 7 (Mezcua 1982; Moreira 1984 Moreira , 1985 Oliveira 1986; Martins & Mendes-Victor 1990; Justo & Salwa 1998) . Due to the scarcity of historical descriptions, the earthquakes in 1344 and 1531 are poorly located, being positioned in the LTV based upon the destruction generated in the Lisbon area.
The 1531 event caused severe damage and many casualties in the town of Lisbon, reaching an intensity of VIII-IX MM (Justo & Salwa 1998) .
The source of the M W = 6 (M S = 6.3) 1909 earthquake (TevesCosta et al. 1999; Dineva et al. 2002) , which destroyed the village of Benavente ( Fig. 1) , is still unknown. The OVLS fault zone, or the southern, hidden sector of the Azambuja fault (Fig. 2) are the nearest, NNE-SSW trending, candidates (Cabral et al. , 2004 Carvalho 2003 ). An alternative, as proposed by Stich et al. (2005) , is that the Benavente earthquake was generated by an ENE-WSW trending blind thrust beneath the Tagus valley sedimentary basin. This conclusion was drawn from the moment tensor inversion solution, which indicated almost pure reverse faulting with nodal planes oriented (051
• , 52
• SE) and (242 • , 38
• NW) (Stich et al. 2005) Later in this paper, we will propose a fault with compatible characteristics.
The importance of local seismic sources to the seismic hazard of the LTV area has been recently pointed out by many authors (e.g. Peláez et al. 2002; Cabral et al. 2003 Cabral et al. , 2004 Vilanova et al. 2003; Vilanova & Fonseca 2004; Carvalho et al. 2006) . However, the low instrumental seismicity, as a consequence of the small slip rate, the poor earthquake location due to the sparse national network and the presence of a thick sedimentary cover, does not show a clear relationship between the earthquakes locations and mechanisms and the faults recognized at the surface. The geometry and topography of the Tertiary and Mesozoic sedimentary basins also play an important role on local energy enhancement and site-effects, masking the relationship between the historical events location based on seismic intensity studies and the earthquake sources. We propose that the OVLS fault zone is responsible for most of the instrumental seismicity registered in the study area. Used seismic and well data overlaid on a simplified geological map (after Oliveira et al. 1992) . 1 -outcropping fault zone near Vila Franca de Xira; 2 -extent of the fault zone after Carvalho (2003) ; 3 -localities mentioned in the text; 4 -deep wells; 5 -oil industry seismic reflection profiles used for structural mapping of the Lusitanian and Lower Tagus basins; 6 -seismic-reflection profiles used in this work to study the OVLS fault zone. 7 -seismic profiles shown in Fig. 3 . CF -Cercal fault; AZF -Azambuja fault; MM -Montejunto massif.
G E O L O G I C A L S E T T I N G
The study area includes part of the LTCB, a tectonic depression filled with Cenozoic sediments that surrounds the lower reach of the Tagus River, and the Arruda subbasin, which is part of the Mesozoic Lusitanian Basin (LB) (Fig. 1) . A brief description of the former basin can be found in Cabral et al. (2003) whereas the evolution of the latter basin is described in Leinfelder & Wilson (1998) , Rasmussen et al. (1998) , Carvalho et al. (2005) and others.
Several outcropping faults affect the LB whereas a few affect the LTCB sediments. From geophysical data several other nonoutcropping fault zones were mapped in the LTCB Carvalho et al. 2006) . For some of them, such as the Vila Fanca de Xira, Azambuja, Pinhal Novo and Porto Alto faults, there is evidence of tectonic activity since the Pliocene Carvalho et al. 2006) .
The OVLS fault zone consists of a set of NNE-SSW to N-S trending, deep seated fault segments, located near the western border of the LTCB. It comprises three main segments, mostly hidden under the Cenozoic sedimentary cover (particularly the recent alluvial sediments of the Tagus River). The northern and central segments behaved in the Mesozoic as normal faults flanking the LB in this area and were inverted under the action of a NW oriented maximum compressive stress in the Cenozoic. The southern sector reacted differently to the regional compression, suffering minor inversion.
The northern segment of the fault zone corresponds to the N-S to NNE-SSW trending Ota (or Pragança) fault, which extends for ∼20 km from north of Ota to near Carregado, at the south (Fig. 1 for locations) . It is represented at the surface by an east dipping monocline, affecting the Tertiary sediments of the LTCB. The central segment corresponds to the partially outcropping Vila Franca de Xira fault, which extends for another ∼20 km to the SSW of Carregado ( Fig. 1) , being probably interrupted by a deep WSW-ENE fault located north of Lisbon. This segment suffered the maximum degree of tectonic inversion in the Cenozoic. The southern segment of the OVLS fault zone extends for ∼45 km, crossing Lisbon and the Setúbal Península at depth until approximately Sesimbra (probably continuing offshore) with an N-S trend and distinct geometry. It was barely inverted in the Cenozoic and is scarcely expressed on the surface geology, where Neogene sediments predominate, its presence at depth being inferred from the studied geophysical data.
Among the three segments of the OVLS, Vila Franca de Xira segment is better exposed on the surface geology. It consists of a NNE-SSW trending complex, known from surface geology and geophysical data (Domzalski 1969) . It was generated in the Mesozoic as a large normal fault, bounding at the East the Arruda halfgraben of the LB (Rasmussen et al. 1998) , later tectonically inverted and moving with reverse slip component during the Neogene.
This segment of the fault zone is partially hidden under recent alluvium of the Tagus river plain along most of its length. For 5 km southward of Vila Franca de Xira, it outcrops as a steeply dipping reverse fault, thrusting Jurassic rocks of the LB at the west, over tilted Upper Miocene sediments of the LTCB, at the east. To the south, it is intersected by a transverse NW-SE fault system (probably the Porto Alto fault system of Carvalho et al. 2006) and is apparently offset eastwards under the sediments of the Tagus alluvial plain through a left-lateral stepover.
The extension of this segment of the OVLS fault zone further south, as a blind thrust under the recent alluvia of the Tagus river plain, is suggested by the eastwards dipping monocline that affects the Tertiary sediments in this area. Geophysical data also show the presence of an eastward dipping monocline and of a fault at depth near the western bank of the Tagus river, south of Vila Franca de Xira (Domzalski 1969; Walker 1983; GPEP 1986; Carvalho et al. 2006) .
On its northern side, the extension of the fault zone a few kilometres northwards of Vila Franca de Xira is indicated by the presence of outcropping faults affecting Jurassic rocks, and it is also suggested by data from several oil-industry seismic profiles, where a few authors have interpreted a series of thrust faults as an imbricate system, merging at the main inverted normal fault to the west (Lomholt et al. 1995; Cabral et al. 2003; Carvalho et al. 2006 ). However, due to a gap in the seismic lines, the link between any of these faults to the Vila Franca de Xira fault segment cannot be clarified. Note: The surveys from Arruda were recently reprocessed by Fairfield Industries using pre-stack time migration (courtesy of Mohave Oil). All other surveys were reprocessed by the authors, except profile C6 from the Caparica survey, which was kindly reprocessed by DECO Geophysical.
Although the fault zone shows a significant geomorphic expression in this sector, particularly near Vila Franca de Xira, where it is located along a steep slope at the western bank of the Tagus estuary, no clear evidence of fault displacements affecting the Holocene alluvial deposits have been found so far (Carvalho et al. 2006) . This may be due to the low fault slip rate and the high river dynamics which can easily obliterate (erode and/or bury) any evidence of recent surface faulting. Nevertheless, shallow geophysical data acquired recently suggests a vertical offset of about 5 m in Holocene sediments (Carvalho et al. 2006) .
I N T E R P R E TAT I O N O F T H E S E I S M I C R E F L E C T I O N P RO F I L E S

Seismic reflection data reprocessing
The study area has partially been covered by seismic reflection data acquired by the oil-industry from the 1950s to 1982 (see Table 1 ). Due to advances in processing software and computing, reprocessing of this information was expected to provide an enhanced imaging of the profiles. Therefore, over 60 seismic reflection profiles, corresponding to more than 800 km (Fig. 2) , were reprocessed and reinterpreted. A part of this data set was used to study the tectonic and sedimentary evolution of the LB (Carvalho et al. 2005) and for a better evaluation of the seismic potential of the study zone (Carvalho et al. 2006) .
In this study, additional lines in the Setúbal Peninsula were reprocessed and reinterpreted by the authors. Unpublished data, processed by Fairfield Industries in the right-hand margin of the Tagus (courtesy of Mohave Oil), were also used. The complete data set is summarized in Table 1 . The details of the reprocessing can be found in Table 2 . All migrated stacked sections are of better quality than the original ones. The frequency content of the migrated stacks from all the surveys is in the range of about 12-50 Hz. Depth conversion was applied to all profiles, using the layer cake method (Marsden 1989 ) with a velocity gradient for each layer, similarly to Jaspen (1993) methodology, but without velocity anomalies, since they may introduce false structures due to sparse well control.
Data interpretation
Several well logs and synthetic seismograms, VSP, aeromagnetic and gravimetric reprocessed data were used in the reinterpretation of the seismic profiles, as well as recent geological information (Carvalho et al. 2005) . All these data were georeferenced and integrated in a GIS environment. After the identification by Carvalho et al. (2006) of major structures affecting the upper Neogene, several stacked sections were selected for a detailed study of the OVLS fault zone (Fig. 2) . The faults were identified by visual inspection of the stacks using seismic attributes, by verifying fault consistency from line to line and the observation of 3D horizon structural maps. Potential field data were plotted over the seismic profiles and used to confirm major faults in the Mesozoic and Palaeozoic rocks, as well as other geological structures. Further profiles and surveys than the ones studied by Carvalho et al. (2005 Carvalho et al. ( , 2006 were included in this work to enlighten the north and southwards prolongation of the fault zone. Fig. 3 shows the OVLS fault zone in several seismic profiles. Evidence of the fault zone at its northern sector, south of Alcoentre (see Fig. 1 for location) can be seen in a series of faults with different geometries affecting the Meso-Cenozoic and Palaeozoic cover. The deformation of the Mesozoic and Cenozoic sedimentary cover produced by this fault segment is also apparent in seismic profiles located further south, as in the example shown in Fig. 3 (a) (see Fig. 2 
for location).
In its sector near Vila Franca Xira, the OVLS fault zone presents a greater degree of inversion, as evidenced in seismic section of Fig. 3(b) . This section is consistent with the statement by Carvalho et al. (2006) that near the western bank of the Tagus river, the Jurassic rocks rapidly drop from the surface to a depth of more than 300 m.
One or two kilometres south of Vila Franca Xira, the seismic lines available have a strike subparallel to the fault itself, making them barely suitable for studying this structure. The undulated geometry of the reflectors in the seismic sections located to the south of section in Fig. 3 (b) (Figs 3c and d) is due to distinct causes, where the interference of the OVLS fault zone is difficult to recognize.
In the section of Fig. 3 (c), the occurrence of a thick Cenozoic sedimentary sequence (0.5-1.5 km) along the profile suggests that it is located on the footwall of the Vila Franca de Xira fault segment, which probably passes immediately to the west of the profile. In fact, surface geology (Zbyszewski et al. 1981) shows that Jurassic sediments outcrop only 250 m west of central part of the profile. The observed folding and faulting of the seismic horizons is probably produced by a partially mapped NW-SE transfer fault (Zbyszewski et al. 1981) , which intersects and laterally offsets the OVLS fault zone in this area.
The profile shown in Fig. 3(d) , located to the south of the previous profile, curves towards the west and intersects a fault zone that has different characteristics. The vertical offsets are small, and the observed geometry across the Cenozoic sediments suggests a prevailing strike-slip behaviour in this area. The folding observed in Fig. 3 (d) partially results from a change in the trend of the seismic section relatively to the strike of the sedimentary sequence.
South of the location of the profile shown in Fig. 3(d) , the OVLS fault zone is not recognized in the stacked seismic sections available, which are oriented approximately E-W. The analysis of the aeromagnetic data (see Section 4) indicates that it bends westwards south of Fig. 3(d) . This may explain the different characteristics of the fault zone detected in Fig. 3 (e), which possibly corresponds to the southern termination of the OVLS fault segment located to the north. This suggests that this structure is probably segmented in this area, and we shall see in the following discussion that it is most likely due to a WSW-ENE trending fault that locally offsets the OVLS fault zone.
According to the interpretation of aeromagnetic data (presented in the Section 4), the fault zone bends towards the west and then acquires a N-S trend, crossing at depth the area of the city of Lisbon and continuing south, into the Setúbal Península. Another seismic reflection survey acquired in 1981 in this southern area was therefore reprocessed and reinterpreted to confirm the fault zone location according to the aeromagnetic data. Fig. 3 (e) shows a stacked section in this area. The fault zone is recognized in this seismic section as a set of two nearly vertical faults affecting the Mesozoic and Palaeozoic units, though some deformation also affects the Cenozoic layers. The seismic data, therefore, supports the southern prolonging of the OVLS fault zone into the Setúbal Península although with different geometry and kinematics.
A E RO M A G N E T I C D ATA I N T E R P R E TAT I O N
The aeromagnetic data was acquired during 1969 by Fairey Surveys Limited throughout the Portuguese Atlantic margin. The altitude of the flight was 600 m, with flight lines oriented W-E and spaced approximately 2.5 km. Several tie lines were oriented in the NW-SE and NE-SW directions. This aeromagnetic survey completely covers the studied area. The data were available in the form of magnetic anomaly contour maps at the 1 : 200,000 scale, with flight lines overlaid (Domzalski 1969) . The data were digitized at the crossings of the contour lines (5 nT contour interval) with the flight lines.
The IGRF model was then extracted and substituted by a more recent model, and the corrected data were reduced to pole (RTP) (Baranov 1957) . The result is presented in Fig. 4 . The RTP aeromagnetic map was subjected to intensive analysis to detect the subsurface tectonic structures that affect the study area and correlate them with the results obtained from the seismic analysis. Since the metamorphic and igneous rocks that constitute the Palaeozoic basement usually have a stronger magnetic signature than Mesozoic and Cenozoic sediments, we also expected to detect with the magnetic interpretation some structures affecting the basement, which could not be imaged with the seismic reflection profiles.
Several magnetic interpretation techniques were carried out, which are explained in the next sections. First, to provide auxiliary information in the interpretation of the seismic reflection profiles, such as the existence of deep rooted fault zones, igneous structures, etc. Secondly, through 2.5-D modelling with constrains from seismic, well and outcrop data, to provide a regional setting for the study area, in particular where no reflection data are available. Finally, by the computation of gradient, analytical signal and Euler deconvolution maps and sections, to infer the total extension of the fault zone, particularly at depth.
Construction of a structural map
Potential field data are important to delineate the tectonic fault trends using, for example, the theory of Grant & West (1965) and Linsser (1967) technique. The first horizontal gradient method was applied to the RTP aeromagnetic map. The peaks of the gradient curves were plotted and connected together to show the possible structural lines, and a structure map was obtained through this process (not shown here).
From a close examination of this structural map, it can be inferred that the OVLS fault zone has a large regional extent, extending from the southern to the northern part of the studied area. It trends approximately N-S at the southern part and changes to a NNE-SSW direction in the north. This is in agreement with the results obtained from the seismic reflection interpretation.
2.5-D modelling and analytical signal methods
The magnetic potential at a point with coordinates (x, y, z) due to an arbitrary volume of magnetic material can be expressed as (Talwani & Ewing 1960) : where ρ is a constant, G the magnetization vector and (x o , y o , z o ) are the coordinates of any point within the potential body.
Computations of the magnetic effects by models with complex geometry were carried out using commercial software (GM-SYS 1995). 2.5-D magnetic modelling was applied to a set of four profiles perpendicular to the strike of the magnetic anomalies and covering the surveyed area (see location in Fig. 4 ). The purpose of these long profiles is to provide a regional setting for the different sectors of the OVLS fault zone. The main objective was the geometry of the top of the basement and the presence of igneous structures or salt bodies, all interpreted as major contrasts in magnetization. In the area, the basement is formed by Palaeozoic igneous and metamorphic rocks. The results were checked with the analytical signal technique (Nabighian 1972 ) along a set of profiles. The latter method is often used to detect magnetic sources locations independent of ambient earth magnetic parameters and is currently applied for the above purposes (e.g. Roest et al. 1992; Wen-Bin et al. 2007) . The depth to basement and location of igneous and salt bodies (but not faults, since these are our main target) were also analysed in all models from outcrop geological information, seismic reflection and well data, where available.
From the observation of the 2.5-D model profiles (Figs 5a-d) , it can be noted that the depth to the basement rocks varies significantly. The mean depth ranges between 0.3 and 3.3 km, and a sharp discontinuity that we can associate with OVLS, is found along the profiles. This discontinuity extends from north to south, crossing the various profiles and emphasizing its regional extent. The vertical offset and its importance as a Mesozoic basin boundary structure are clear in profile 2 (Fig. 5b) . In the southern profiles (profiles 3 and 4, Figs 5c and d), it no longer presents growth fault characteristics, showing a distinct Mesozoic and Cenozoic behaviour. Other major geological faults which are known to affect the basement, show up in the magnetic models such as the Nazaré fault (profile 2) Figure 3 . (Continued.) and the Pinhal Novo fault (profiles 3 and 4). The magnetic susceptibilities used in the direct magnetic modelling have been listed in Table 3 .
Euler deconvolution method
The Euler deconvolution method, published by Reid et al. (1990) tries to determine source positions and depths of the magnetic contrasts. Thompson (1982) showed that the relation of Euler's homogeneity can be written in the form
where (x 0 , y 0 , z 0 ) is the position of the magnetic source whose total field T is detected at (x, y, z). The total field has a regional value of B. The degree of homogeneity N may be interpreted as a structural index (SI), which is a measure of the rate of change of the field with distance. For the index of sloping magnetic contact, the appropriate 
where A incorporates amplitude, strike, and dip factors which cannot be separated easily. This technique, which is applied to gridded data, measures the gradients, locates square windows of magnetic field and gradient values and determines structural windows. The results are plotted in map view (x, y), using a symbol related to depth z. The Euler deconvolution method has been applied using 0.5 magnetic step indeces to indicate the depth to the basement rocks and their structures.
The results are shown in a 2-D map, where faults inferred from seismic data are also overlaid (Fig. 6a) , and in a 3-D perspective (Fig. 6b) . The 3D Euler deconvolution shows that the OVLS extends from relatively shallow (200-300 m) to deep (5-6 km) depths in agreement with the seismic reflection data interpretation. The SI 2-D map indicates once more the regional extension of the OVLS fault zone. It extends from the north to the south of the studied area, varying from a NNE-SSW direction north of Lisbon to an approximate N-S direction to the south of the city. These results agree with the structure deduced from the trend analysis of aeromagnetic data and seismic reflection interpretations.
Correlation of magnetic and seismic interpretations
The 2D Euler deconvolution, gradient and analytical signal interpretation techniques were applied to magnetic profiles coincident the seismic reflection lines. The faults were derived using the 2-D Euler Some differences found between the two interpretations arise from the fact that the two methods respond to different rock properties, and the seismic method is more suitable to image structures in the sedimentary cover, whereas the magnetic method is most appropriate to detect structures affecting the metamorphic and igneous Palaeozoic basement. Since the seismic data provides an increased resolution when compared with the magnetic data, we favour the seismic interpretation. However, the aeromagnetic data were very helpful since they confirmed the seismic interpretation in areas where the seismic signal-to-noise ratio was poor, including when the basement was shallow, and in areas where no seismic data was available. The OVLS fault zone, resulting from the integrated interpretation of geological, aeromagnetic and seismic reflection data is presented in Fig. 7 in a perspective view with the location of the full seismic reflection profiles, whose details are shown in Fig. 3 .
S E I S M I C I T Y D ATA
Relocated epicentres from the period 1970-2000 (Carrilho et al. 2004) , where the average error (90 per cent confidence level) in the epicentral location is 5 km, were used to help to locate the major active tectonic structures and eventually the OVLS fault zone in the study area (Fig. 8) . Epicentres were relocated with the software Hypocent (Lienert et al. 1986; Lienert & Havskov 1995) , which implements a Geiger iteration scheme, with a centred, scaled and adaptively damped least-squares technique, to find the solution. in Portugal mainland, which is based in deep refraction data (e.g. Mueller et al. 1973; Mendes-Victor et al. 1980; Moreira et al. 1980) . The OVLS fault zone setting proposed in this paper, inferred from seismic reflection and aeromagnetic data interpretation, is shown in Fig. 8(a) , together with the epicentre locations plotted with horizontal error ellipses (major error axis less than 8 km). This figure also shows the location of the cross-section (A-A ) shown in Fig. 8(b) representing the OVLS fault zone central sector (SC, Fig. 8a ). In Fig. 8(a) , the OVLS fault zone seems to control the distribution of the seismicity in the studied area. We can observe that the vast majority of the events are located astride or to the west of the proposed fault zone location. Epicentral locations using other seismic catalogues (e.g. ISC, On-line Bulletin, http://www.isc.ac.uk/Bull, Internat. Seis. Cent., Thatcham, United Kingdom 2001) also support this conclusion.
With the exception of five events located in the Tagus estuary, the seismicity observed further east in Fig. 8 is associated with other structures, located outside the study area. Of the five events in the Tagus estuary, the northernmost is probably associated with a NW-SE oriented fault system, detected by seismic reflection Carvalho et al. 2006 ; red lines, Fig. 6 ). The other four events can hardly be associated with any other known structure, though the Pinhal Novo fault may be a potential candidate. However, the SI map (Fig. 6 ) has several solutions in the same area suggesting other possible seismic sources.
Other Catalogues (Martins & Mendes-Victor 1990; Sousa et al. 1992) , which contain events from the period 63 AD until 1992, show a similar distribution of seismicity (not shown here), with most of the earthquakes located westwards of the surface trace of the OVLS fault zone. The earthquake data catalogue used in this study, though covering a short period of time, has the advantage of possessing the information on epicentre location errors and parameters, which allows a good control of the quality of the solutions.
Hypocentre solutions have a larger error than epicentral solutions and do not allow yet a reliable analysis of the deep fault plane geometry from earthquakes hypocentre location. However a tentative correlation was tried. In Fig. 8(b) , earthquakes located in a corridor containing the central sector of the OVLS (area between straight lines in Fig. 8a , SC) are plotted over a cross-section of the same sector of the fault zone. The obtained result supports the above referred distribution of the seismicity, which is in fact associated with the downwards projection of the OVLS fault zone or located to the west.
D I S C U S S I O N
The studied seismic reflection data show that the OVLS fault zone, partially expressed at the surface as faults affecting Mesozoic and Cenozoic sediments or as a monocline in Cenozoic rocks, extends roughly from the latitude of Alcoentre (see Fig. 2 for location) till about 15 km north of Lisbon, consisting of two fault segments, usually referred to as the Ota (or Pragança) fault at the north and the Vila Franca de Xira fault at the south, which controlled the development of the Arruda half-graben of the LB in the Mesozoic and were strongly inverted during the Cenozoic compressive stress regime. According to aeromagnetic data, at that location (site B, Fig. 8a ), the fault zone bends westwards, outside the coverage of the available seismic reflection data, and then continues southwards with a N-S strike. Seismicity data (Fig. 8 ) also suggest this bend of the fault zone, since most of the earthquake locations move accordingly to the west. Unfortunately, there is not seismic reflection data available in the Lisbon area, and we cannot follow the westward bend of the fault zone.
At location B, the OVLS fault zone characteristics in the seismic reflection profiles also change (compare Figs 3a and b with Fig. 3d ). In spite of the inadequate orientation of sections 3c and d relative to the fault strike, from their interpretation, it can be inferred that the vertical offsets in Cenozoic and Mesozoic rocks clearly diminish southwards. South of seismic section 3d (Fig. 2) , sited to the south of location B (Fig. 8) , the fault zone is no longer recognizable in the available seismic profiles, also supporting that it probably is segmented at that location, in agreement with magnetic and seismicity data. Keller & McClay (1995) carried out 3-D sandbox modelling of positive inversion of extensional fault systems, and one of their conclusions is that fault displacements have important variations along-strike. These characteristics are found in the OVLS fault zone. The degree of inversion found at the latitude of Vila Franca de Xira (Fig. 3b) is considerably greater than at around the latitude of Ota (Fig. 3a) and further south (Figs 3c-e) . Keller & McClay (1995) further conclude that extension and inversion produce strongly segmented faults, with fault segments dying out laterally or overlapping across displacement transfer zones in the form of relay ramp structures. Therefore, the segmentation of the OVLS fault zone is in agreement with 3-D scaled analogue models and with data from other areas, which have undergone positive inversion (e.g. Knott et al. 1995) . The fact that a fault segment continues for a few kilometres (5-6 km) southwards of the transfer zone location B (Figs 7 and 8 ), is compatible with the results of Keller & McClay (1995) .
As stated above, according to the magnetic and seismicity data, the OVLS fault zone jumps westwards at location B, through a right lateral stepover about 9-10 km wide (outside the coverage of the seismic reflection data). Then it strikes N-S towards Lisbon, crossing the city area at depth, and enters the Setúbal Península (Figs 7 and 8), where seismic reflection data are also available, being detected until near the village of Sesimbra, at the south (Fig. 1) . The seismic reflection data in the Setúbal Peninsula show that the fault zone cuts the Palaeozoic, Mesozoic and Cenozoic geological units, although producing relatively small vertical offsets in the Cenozoic (Fig. 3e) . The small deformation of the Cenozoic horizons contrasts with the much larger deformation evidenced in the seismic profiles located to the north of Lisbon, where the inversion of the extensional Mesozoic structures is large. This indicates that this southern segment of the OVFXS fault zone in the Palaeozoic basement was subjected to small dip-slip reactivation in the Cenozoic compressive tectonic regime, strongly contrasting with the behaviour of the northern Vila Franca de Xira and Ota segments.
The bend or segmentation of the OVLS fault zone at location B approximately coincides with the eastern sector of a probable ENE-WSW trending, north verging reverse fault at depth, which controls the elongated Sintra-Caneças antiformal structure located to the west, bordering the northern limit of the Sintra massif (Cabral 2008) . This suggests interference between the two structures, with the OVLS fault zone probably offset by the WSW-ENE fault.
Some evidence of the eastwards prolonging of the WSW-ENE fault zone under the Holocene sediments of the Tagus river alluvial plain comes from the seismic reflection data (seismic profiles S1, 229, 223, S6 and 240, from the Samora and Barreiro surveys described in Table 1 ). The profile in Fig. 3(c) also shows two faults compatible with this structure. The northernmost (signalled A in the figure) probably corresponds to an approximate NW-SE trending fault of the above referred Porto Alto fault system (Carvalho et al. 2006) . The other fault with down throw to the NNE (signaled BF in Fig. 3c ) may be connected with the WSW-ENE fault zone under discussion. The interpretation of the profiles available in the area is thus compatible with a structure with the expected location and geometry, though the detectable vertical offset of this fault is only of several tens of metres in the Cenozoic layers. Fig. 8 also shows that a few earthquakes can be associated with this fault. Stich et al. (2005) have recently calculated a moment tensor solution of the 1909 Benavente earthquake, evidencing a dip-slip reverse component with nodal planes presenting strike/dip/rake of N51
• E/52
• /83
• and N242
• E/38
• /99
• . Therefore, the proposed eastern prolonging of the WSW-ENE fault zone presented here is a possible candidate for the location of the 1909 Benavente earthquake, as it trends approximately parallel to the first aforementioned nodal plane. We hereinafter refer to this structure as the Benavente fault zone.
The models of the magnetic profiles shown in Fig. 5 confirm the interpretation of the seismic reflection profiles and show with simplicity several aspects of the regional structure of the study area. The model of profile 2 shows that the border of the Mesozoic LB in this area is represented by the northern segment of the OVLS fault zone (see Fig. 4 for location). Since magnetic data respond mainly to variations in the basement (Palaeozoic igneous and metamorphic rocks) properties and structure, we have not marked any faults in the Mesozoic and Cenozoic units, though the examples of Fig. 3 show that the magnetic method is also able to detect major faults in the sedimentary column, probably due to the large volumes of sedimentary material. However, from the seismic data (Figs 3a and  b) , we can see that the fault was reactivated in the Cenozoic, with splay faults probably nucleating from the tip of the previous normal fault and propagating towards the east, as suggested from analogue scaled models (Eisenstadt & Withjack 1995; McClay 1995; Eisenstadt & Sims 2005) .
Profile 1, also crossing the northern sector of the OVLS fault zone, shows that the thickness of the Mesozoic sediments diminishes to the north, with the LB's major boundary fault corresponding here to the Cercal (or Montejunto) fault (Carvalho et al. 2005) . On the contrary, the LTCB shows an increased thickness, though part of the modelled anomaly source maybe caused by lithological variations inside the basement, as a maximum thickness of 4 km of sediments at this location is not credible.
A few kilometres southward of the OVLS fault segmentation at location B, profile 3 (Fig. 5c) shows that the fault zone looses expression, evidencing a much smaller vertical offset. Further south, in the Setúbal Peninsula, profile 4 (Fig. 5d) evidences that the southern segment the OVXLS fault zone produces a much reduced vertical offset in the Palaeozoic basement although seismic data suggests (Fig. 3e) a larger vertical offset. Though this fault may probably have been a pre-inversion fault, seismic (no growth is observed in Jurassic sediments) and aeromagnetic data show that it was not the Mesozoic Basin boundary fault zone, as the fault segments to the north of location B were.
Reactivation of previous weakness zones is a common situation. At location B, the OVLS fault zone is apparently right-laterally offset across the proposed Benavente fault, and southwards it changes to an N-S strike (Fig. 7) , which is a less favourable orientation for reactivation with positive inversion under the Cenozoic compressive stress regime. The fault becomes more high-angle, which also makes it less favourable for a positive inversion reactivation (Lowell 1995) .
Under a change in the stress regime, normal faults with listric geometry striking perpendicular to a horizontal maximum compressive stress should be reactivated with a predominant reverse movement component (Lowell 1995; Sibson 1995) . Steep faults with a reduced angle to that maximum compressive stress are commonly reactivated with a predominant strike-slip movement component (Lowell 1995) . When the angle of pre-existing faults with the direction of the maximum compressive is relatively high, transpression is the most common mode of inversion (Lowell 1995) .
Furthermore, when the strike-slip component is dominant, relatively high-angle normal faults can be reactivated and no new structures need to be created. When reverse kinematics dominates, some of the older faults may be reactivated, and new reverse structures are formed. The geometries inherited from the previous extensional episode are of great importance to the positive inversion structures (Yamada & McClay 2003) . These empirical observations, found throughout the world, seem to be in agreement with the behaviour of the OVLS and Benavente fault zones.
The northern and central segments of the fault (from location B to approximately the town of Ota) trend NNE-SSW to N-S, at a high-angle to the dominant Cenozoic compressive stress, which trended NW-SE (Ribeiro et al. 1990) . Here, clear reverse structures affecting Cenozoic sediments can be observed (Figs 3a and b) , indicating that, as expected, the reverse component predominates. As referred above, in this sector some of the Mesozoic basin boundary faults have been inverted, namely the Vila Franca de Xira and Ota (or Pragança fault). A variable degree of inversion is found for several previously normal faults that present the same strike. A selective reactivation of previous normal faults is common in positive inversion situations (e.g. Lowell 1995; Sibson 1995) .
The N-S oriented southern segment of the fault trends at an angle of approximately 45
• to the usually admitted strike of the compressive stress in the Cenozoic (Ribeiro et al. 1990 (Ribeiro et al. , 1996 . This has been considered the limit between a predominantly reverse inversion and dominant strike-slip reactivation (Lowell 1995) . Therefore, in this segment of the fault zone, it is expected the reactivation of preexisting normal faults with mostly strike-slip movement component and without the development of new reverse structures, corresponding to incipient inversion. This is what we observe on the seismic reflection sections of the Setúbal Península (see Fig. 3e ), which bear no seismic signature of important reverse structures in the Cenozoic sedimentary cover.
Finally, some considerations should be made about the possibility that the OVLS fault zone is an active seismogenic source and, if so, of its implication on seismic potential assessment. The present tectonic activity of the OVLS fault zone implies the reactivation of this structure under the present stress regime, which is oriented approximately NW-SE to WNW-ESE in the study area (Ribeiro et al. 1996; Borges et al. 2001) . As stated before, the fault zone seems to control the distribution of the seismicity in the study area (Fig. 8a) . The geological cross-section presented in Fig. 8(b) , located in the central sector of the OVLS fault zone and with epicentres from this sector overlaid, results from the integrated interpretation of seismic reflection, aeromagnetic, well and geological outcrop data. The downward projection of the OVLS confirms that the epicenters distribution is indeed connected to the westwards dip of the fault surface and with other structures located to the west (Fig. 8b) .
Other evidences suggest that the OVLS fault zone is very probably active. From outcrop geological studies, the fault is known to affect upper Miocene sediments and it is parallel to other structures in the LTCB, which also affect sediments of this age and are known to be active in the Pleistocene, as the Azambuja fault (Cabral et al. , 2004 . Moreover, geophysical data recently acquired near Vila Franca de Xira and well data (Carvalho et al. 2006) suggest that in this segment, the fault cuts Quaternary sediments and a vertical offset of 5m was estimated.
C O N C L U S I O N S
The aim of this work was to investigate a regional fault zone that is known to exist in the LTV, from geological and seismic reflection data. This structure has been previously considered as an important structure in the regional seismotectonics framework and a possible source of the significant seismicity that affects the study region.
In its northern and central sectors, it corresponds to an approximately NNE-SSW to N-S oriented, reverse fault zone that borders the LB and the LTCB, approximately from north of Ota till about 8-9 km south of Vila Franca de Xira. Reprocessed and reinterpreted seismic reflection, aeromagnetic and seismicity data presented here confirm that the fault zone extends along that distance, for about 35 km. In these sectors, the fault comprises two segments resulting from the inversion of previous normal boundary faults of the Mesozoic LB, namely the Vila Franca de Xira fault at the south and the Ota (or Pragança) fault at the north.
To the south, according to the interpreted aeromagnetic data, the OVFXS fault zone does not end about 8-9 km south of Vila Franca de Xira, as previously thought, but it bends westwards as it crosses the proposed WSW-ENE trending Benavente fault and continues south with an approximate N-S strike, under the city of Lisbon and crossing the Setúbal Peninsula until the village of Sesimbra.
This previously unknown segment of the OVLS fault zone, at least 45 km long, is supported by seismic reflection data in the Setúbal Península and is also sustained by earthquake distribution data. The former data show that the fault zone is steeper in this segment and that the deformation that it produces in the Cenozoic sediments is considerably less than in the northern segments. The difference in character of the fault from north to south is also inferred from 2.5-D magnetic modelling. Epicentre locations are mostly located to the west of the three sectors, which, associated with the continuity of Euler solutions of the aeromagnetic data, suggest that we have a single major fault zone, though segmented.
In face of this, we propose that the fault zone should be cited as the Ota-Vila Franca de Xira-Lisboa-Sesimbra (OVLS) fault zone. Interpretation of seismic and magnetic data shows that in all segments the fault extends to at least 5-6 km depth. In spite of poor hypocenter locations, an association between the downdip prolonging of the fault surface, as seen from the seismic data in the first 2-3 km, and the hypocentre solutions at depth is apparent. Moreover, this structure seems to delimit a crustal domain located to the west, characterized by a higher seismic activity.
The newly proposed WSW-ENE Benavente fault zone was deduced from the observation that the bend of the OVLS fault zone coincides with the eastern end of the Sintra-Caneças structural alignment, and that the related fault at depth apparently continues further east under the Tagus river alluvial sediments, as suggested by seismic reflection data. A moment tensor solution recently computed for the 1909 Benavente earthquake points to an almost pure reverse movement on a fault with a similar strike. Together with the fact that the proposed Benavente fault zone passes 1-2 km south of Benavente, makes it a candidate structure as the source of the 1909 earthquake. A more refined interpretation of the section of this fault under the Tagus Holocene alluvia, using seismic reflection and potential field data, needs to be carried out.
The results presented here point to the importance of local seismogenic sources in the seismic hazard estimation of the study area, in agreement with previous work of several authors (Peláez et al. 2002; Cabral et al. 2003 Cabral et al. , 2004 Vilanova & Fonseca 2004; Carvalho et al. 2006) . Further studies, using more reprocessed seismic reflection data, topographic, satellite interferometry, gravimetric and Moho data are currently underway to provide a better understanding of the study area.
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